SYNOPSIS A method is described for the assay of gentamicin using the enzyme gentamicin adenylyltransferase derived from an R-factor-carrying strain of Escherichia coli. The reaction involves adenylylation of the gentamicin with (14C-ATP to form a radioactively labelled product. The technique is compared wi&h the plate diffusion and the urease methods. The adenylylation technique gives results comparable to the plate diffusion assay and is more accurate than the urease method.
The aminoglycoside antibiotics are a valuable group in the treatment of both tuberculous and nontuberculous infections. Gentamicin has been recommended in combination with other antibiotics as initial treatment for undiagnosed septicaemia (Darrell and Neale, 1972) and in at least some cases of endocarditis (Ruhen and Darrell, 1973) . The only limiting factor in their use is their ototoxicity. The danger is potentially greatest in patients with impaired renal function. These tend to form a high proportion of those patients in whom these drugs are needed. It is therefore vital that microbiology departments are able to determine blood levels of aminoglycosides-in fact it is probably the only group of antibiotics for which this is unquestionably necessary.
In the past blood levels have been assayed using a microbiological method requiring overnight incubation. This method can be modified to give a result in about five hours but this time interval represents one dose period in clinical use and does not fit ideally into laboratory routine. Noone, Pattison, and Samson (1971) described a rapid method based on the inhibition by gentamicin of urease activity of Proteus. Benveniste and Davies (1971) showed that gentamicin could be inactivated by an enzyme produced by an R-factor-carrying strain of Escherichia coli. The enzyme, released by osmotically shocking the cells, adenylylates the gentamicins and several related aminoglycosides. This reaction has been applied in a rapid assay for gentamicin which uses (14C)-ATP and measures the amount of (14C) -adenylylated-gentamicin produced (Smith, Van Otto, and Smith, 1972 ). An initial investigation into the method and its clinical application are described.
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Materials and Methods

ADENYLYLATION METHOD
Escherichia coli W677/JR66 (Benveniste and Davies, 1971) was used as the enzyme source. It was maintained on nutrient agar slopes containing 10 ,ug/ml gentamicin. Mutants resistant to 1500 ,ug/ml kanamycin were used to select for resistance to 300 Kg/ml gentamicin on plates containing this antibiotic.
CULTURE MEDIUM
A stock salt solution was prepared by dissolving 60g Na2 HPO4 (anhydrous), 30g KH2PO4 (anhydrous), 5g NaCl, lOg NH4 Cl in 1 litre deionized water, sterilized by autoclaving. The culture medium, a modification of the M9 medium (Clowes and Hayes, 1968) , consisted of a 1 in 10 dilution of stock salt solution, 0-2% glycerol, 1 x 10-3 M MgSO4 (sterile), 1 x 10-4 M CaC12 (sterile), 0-5 % Bactopeptone (Difco) and 3 mg/l thiamine. (Heppel, 1967) . In the hypertonic sucrose solution the cytoplasm recedes from the cell wall. When the external osmotic pressure is suddenly reduced by suspending the cells in 5 x 10-4 M Mg Cl2, the cells expand, the plasmolysis space disappears and the enzyme is expelled, within a minute. Growing cells are thought to be more susceptible to osmotic shock (Nossal and Heppel, 1966 ).
An inoculum of 1 ml of an overnight broth culture was added to 100 ml of modified M9 medium. The culture was incubated for approximately four hours at 37°C, in a shaking waterbath to obtain good aeration, until the late log phase was reached. It then had an optical density of 0-2 at 550 m,u and a cell density of approximately 107 viable units/ml. The cells were harvested by centrifugation at room temperature and washed twice with 40 ml 0-01 M Tris-HCL-0-03 M NaCI, pH 7-8. The cell pellet was resuspended in 20 ml 20 % (w/v) sucrose-003 M Tris-HCL-0-003 M EDTA, pH 7-3, and stirred for 15 min at room temperature using a magnetic stirrer. The suspension was centrifuged at 4°C at 10 000 g for 10 min and the supernatant discarded. The tube was drained and carefully wiped to remove any sucrose. The pellet was rapidly dispersed in 4 ml ice-cold MgCl2 (5 x 10-4 M) and stirred for 10 min in an ice bath. The suspension was centrifuged at 4°C at 26 000 g for 10 minutes. The enzyme is oxygen labile, but could be stored in the presence of the reducing agent, dithiothreitol, for at least six weeks at -70°C without loss of activity. This was added to the supematant ('osmotic shockate') to give a 1 mM solution, which was stored in 1 ml volumes at -70°C. ADENYLYLATION ASSAY There are two steps to the assay procedure. First, the formation of the radioactively labelled gentamicinadenylyl complex by transferring the (14C)-adenylyl (AMP) residue from '(14C)-ATP onto the aminoglycoside; and second, the separation and detection of this complex, which binds selectively to the phosphocellulose paper.
The method was based on that of Smith, Van Otto, and Smith (1972) , illustrated diagrammatically of each of the following: test serum 0-2 M Tris-HCL-0-032 M MgCI2-0-04 M dithiothreitol, pH 8-1; 1-6 mM (14C-ATP; and enzyme. Dithiothreitol was made up freshly in the buffer on each occasion. The mixture was incubated at 37°C for a sufficient length of time to complete the reaction. Fifty I-l was then pipetted onto each of three phosphocellulose paper discs which were allowed to dry briefly. The discs were then washed to remove unreacted (14C-ATP and the other reactants, none of which bind to the paper. The removal of (14C)-ATP was more efficient if the discs were washed in 5 mM Tris-HCI buffer, pH 7.4 (Forrey, Blair, O'Neil, Cut er, and Christopher, 1973) than in distilled water (Benveniste and Davies, 1971) ; and also if the first wash for two min at 70°-80°C was followed by a minimum of four rinses in the buffer at room temperature, with rapid swirling in a conical flask. The discs were then dried under an infrared lamp and transferred to vials containing 5 ml scintillation fluid. They were counted in a scintillation counter (Intertechnique ABAC SL40) for a time dependent upon the radioactivity present. To allow for nonspecific binding 'of (14C)-ATP to the discs, control tubes, containing serum without gentamicin, were included in each batch. Statistical analysis showed the greatest variation to be between the three discs from any one tube. It was therefore necessary to duplicate the entire assay of both standards and test sera and to ensure accurate pipetting.
PLATE ASSAY
Plate diffusion assays were performed as described by Reeves (1972) modified by surface seeding plates with a 10-3 dilution of an overnight culture of a Klebsiella-Enterobacter (NCTC 10896) strain and incubating for 18 hours. Four replicates of the same range of standards and of each test serum were tested.
UREASE METHOD
The method described by Noone, Pattison, and Samson (1971) and modified by Noone, Pattison, and Slack (1972) was used.
Results
STANDARD CURVE
Gentamicin standards and the control were assayed in duplicate with (14C)-ATP at a specific activity of 2 5 ,uCi/pmole. Fifty ,ul of the product of the reaction was spotted onto each of three discs, washed, dried, counted, and the average of the three discs taken. A regression line relating the radioactivity bound to a disc to the amount of gentamicin present was calculated. The amount of gentamicin in a test serum is read from the standard curve (fig 2) .
The slope of the standard curve obtained with the same enzyme, gentamicin standards, and (14C)-ATP remained the same for seven weeks. Thus one standard curve could be used repeatedly to read the gentamicin content of specimens from the phosphocellulose-bound radioactivity, corrected for the counts in a control serum, assayed at the same time. 
TIME COURSE OF REACTION
With each new enzyme preparation, serum containing 15 ,ug/ml gentamicin was assayed for different lengths of time. The time course of the reaction is shown in figure 3 . This demonstrates that the reaction with 15 ,ug/ml gentamicin, which is more than the amount normally found in serum in clinical practice, was completed in 30 minutes.
ESTIMATE OF TIME TAKEN TO ASSAY GENTAMICIN
A comparison was made between adenylylation and urease methods ( 
Discussion
The most important single point in the use of aminoglycosides is that potential toxicity should be recognized and some effort should be made logically to modify dosage in renal failure. Overnight assay methods work tolerably well but the clinician having taken a specimen is faced with the decision whether to continue treatment and risk overdosage or to withhold treatment which is required until the assay result is available. In fact, the greatest risk is undertreatment.
The adenylylation method has several advantages. It is based on a well understood and specific biochemical reaction (Benveniste and Davies, 1973) . Gentamicin can be assayed irrespective of the presence of other antibiotics, other than related aminoglycosides, in the serum. The method has been found to be as accurate as the widely used plate diffusion assay and more accurate than the urease method. It also has the advantage over the urease method that there is a linear relationship between gentamicin concentration and product formation. The time taken to perform an assay can be reduced considerably if (14C)-ATP of a higher specific activity is used together with a more active enzyme preparation. Nevertheless, the procedure takes longer than the 60 minutes quoted by Smith, Van Otto, and Smith (1972) and demands the attention of the technician for most of the time whereas the urease and plate diffusion assays require less time to be expended on actual bench work. The method is particularly useful if more than one specimen is to be assayed, as these can be processed together. The applicability of the method obviously depends on the facilities available in a bacteriology laboratory as sophisticated equipment, such as a scintillation counter, and some technical skill are required to prepare the enzyme and to perform the assay procedure.
